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We  have  investigated  regrowth  of  p+  InGaSb  on  AlGaSb  and  on  thin  InAs 
etch-stop  layers  after  atomic  hydrogen  cleaning  (AHC)  surface  treatments. 
Following  certain  cleaning  conditions,  the  surface  morphologies  for 
Ino.27Gao.73Sb  regrown  on  InAs  exhibit  smooth  surfaces  with  similar  root- 
mean-square  (rms)  roughness  to  the  as-grown  InAs,  which  in  turn  is  similar  to 
the  roughness  of  the  AlGaSb  buffer  layer  below  it.  In  addition,  hole  mobilities 
for  InGaSb  regrown  on  AHC  InAs  approach  the  highest  mobilities  reported  to 
date  for  any  p+  III-V  semiconductors.  A  wide  range  of  AHC  conditions 
including  substrate  temperatures  from  280°C  to  370°C  and  exposure  dura¬ 
tions  between  5  min  and  30  min  result  in  smooth  InGaSb  films  with  low 
resistivity. 
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INTRODUCTION 

In  recent  years,  there  has  been  considerable 
interest  in  the  antimonide-arsenide  materials 
systems,  for  applications  including  high-electron- 
mobility  transistors  (HEMTs),  heterojunction  bipo¬ 
lar  transistors,  and  THz  subharmonic  mixers.1,2 
InGaSb  channel  materials  with  a  lattice  parameter 
near  6.2  A  are  of  particular  interest,  since  these  have 
the  highest  hole  mobilities  of  all  III-V  semiconduc¬ 
tors,  as  well  as  high  conduction  and  valence  band 
offsets  with  lattice-matched  InAlSb  barrier  layers. 
To  incorporate  high-speed,  low-power  Sb-based 
HEMTs  into  advanced  logic  circuits,  a  complemen¬ 
tary  p-channel  field-effect  transistor  (p-FET)  is 
required.  Recently,  the  fabrication  and  charac¬ 
terization  of  InGaSb-channel  p-FETs  have  been 
reported.4  However,  reduction  of  the  contact  and 
access  resistances  is  necessary  for  further  improve¬ 
ment  in  high-speed,  low-power  performance.4 

One  approach  to  lowering  the  contact  and 
access  resistances  involves  epitaxial  regrowth.  A 
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cross-section  of  a  potential  device,  showing  the 
material  layer  design,  is  given  in  Fig.  1.  In  this 
approach,  the  p-FET  heterostructure  would  be 
grown,  then  removed  from  vacuum  and  processed, 
followed  by  reloading  into  the  reactor  for  p+  InGaSb 
regrowth  in  the  source  and  drain  regions.  To  date, 
there  have  been  few  studies  of  regrowth  for  Sb- 
based  materials.5-  Many  challenges  still  persist, 
including  understanding  the  surface  preparation 
necessary  to  remove  oxides  and  residues  that  im¬ 
pede  regrowth.  Atomic  hydrogen  cleaning  (AHC) 
has  been  utilized  for  removing  oxides  and  hydro¬ 
carbons  from  a  variety  of  polar  III-V  semiconductor 
surfaces,8  and  has  improved  results  for  regrowth  on 
(In)GaAs  surfaces,9-  1  but  its  effectiveness  for 
Sb-based  regrowth  remains  unexplored. 

In  this  article,  we  report  successful  fabrication  of 
high-quality  p+  InGaSb  regrowth  layers,  which  was 
achieved  by  inserting  a  thin  InAs  layer  after  the 
AlGaSb  buffer  layer  in  Fig.  1  to  avoid  regrowth  on 
the  Al-containing  buffer  layer.  While  AHC  proved 
ineffective  for  regrowth  on  AlGaSb,  we  achieved 
low-resistance  InGaSb  regrowth  layers  on  InAs 
which  was  cleaned  using  a  wide  range  of  substrate 
temperatures  and  duration  times. 


6 


Report  Documentation  Page 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 


1.  REPORT  DATE 

OCT  2010 

2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-2010  to  00-00-2010 

4.  TITLE  AND  SUBTITLE 

Molecular  Beam  Epitaxial  Regrowth  of  Antimonide-Based 

Semiconductors 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Research  Laboratory, Electronics  Science  and  Technology 

Division, Washington, DC, 20375 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS (ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

15.  SUBJECT  TERMS 

InGaSb,  regrowth,  overgrowth,  MBE,  p-FET,  AFM,  antimonide,  InAs,  A1C 

- 1 - 

laSb 

- 1 - 

16.  SECURITY  CLASSIFICATION  OF: 


a.  REPORT 

unclassified 


b.  ABSTRACT 

unclassified 


c.  THIS  PAGE 

unclassified 


17.  LIMITATION  OF 
ABSTRACT 

Same  as 
Report  (SAR) 


18.  NUMBER 
OF  PAGES 


19a.  NAME  OF 
RESPONSIBLE  PERSON 


Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


Molecular  Beam  Epitaxial  Regrowth  of  Antimonide-Based  Semiconductors 


7 


Source 
p+  regrowth 


Barrier  layer 
Channel 


Drain 

p+  regrowth 


8 

AlGaSb  buffer  +  etch- stop  layer  (optional) 
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Fig.  1 .  (Color  online).  Cross-section  of  a  p- type  field-effect  transistor 
device,  utilizing  p+  regrowth  (shown  in  red  cross-hatching)  to  reduce 
the  contact  and  access  resistances  for  the  source  and  drain  con¬ 
tacts.  The  channel,  barrier,  and  sacrificial  protection  layers  are 
shown  in  blue,  orange,  and  black,  respectively. 


EXPERIMENTAL  PROCEDURES 

The  samples  reported  in  this  work  were  grown  by 
solid-source  molecular-beam  epitaxy  (MBE)  with 
valved  sources  for  As2  and  Sb2.  Be  was  used  as  the 
p-type  dopant.  Ternary  compositions  were  controlled 
by  monitoring  intensity  oscillations  on  test  struc¬ 
tures  with  reflection  high-energy  electron  diffraction 
(RHEED),  and  confirmed  by  x-ray  diffraction  mea¬ 
surements.  Flux  measurements  were  used  to  set  the 
valves  of  the  group  V  sources  to  produce  a  ratio  of 
V/III  incorporation  rates  of  ~1.5:1.  A  growth  rate  of 
one  monolayer  per  second  (ML/s)  was  used  for  each 
layer,  unless  otherwise  noted.  During  growth,  sur¬ 
face  reconstructions  and  substrate  temperatures 
were  monitored  using  RHEED  and  a  k-Space  Asso¬ 
ciates  BandiT  band-edge  thermometry  system, 
respectively.  Prior  to  InGaSb  regrowth,  AHC  was 
performed  using  a  1.0  seem  hydrogen  flow  rate,  in  a 
chamber  with  a  base  pressure  of  5  x  10-10  Torr. 
During  AHC,  the  chamber  pressure  was  2.3  x 
10-5  Torr,  with  dose  times  of  5  min  to  60  min,  cor¬ 
responding  to  estimated  H2  doses  of  7  kilolangmuirs 
to  80  kilolangmuirs.  Substrate  temperatures  during 
AHC  were  estimated  by  calibrating  the  MBE 
chamber  manipulator  thermocouple  reading  with 
the  BandiT  temperature  measurement,  and  assum¬ 
ing  that  the  nominally  identical  heaters  and  ther¬ 
mocouples  in  the  MBE  and  AHC  chambers  function 
the  same. 

For  the  initial  growths,  epiready  (001)  semi- 
insulating  GaAs  substrates  were  cleaved  and 
mounted  in  2  cm  x  2  cm  square  In-free  plates.  As 
there  are  no  commercially  available  semi-insulating 
substrates  with  a  6.2  A  lattice  constant,  a  1  pm 
Alo.7Gao.3Sb  buffer  layer  with  a  lattice  constant  of 
~6.12  A  was  grown  at  530°C  to  help  accommodate 
the  lattice  mismatch  between  the  GaAs  substrate 
and  the  InGaSb  regrowth  epilayer.  For  samples 
which  contained  an  etch-stop  layer,  the  substrate 
temperature  was  lowered  to  500°C  and  a  25  A  InAs 
etch-stop  layer  was  grown  at  0.2  ML/s.  Finally, 
the  sample  was  quenched  to  room  temperature, 


removed  from  vacuum,  and  stored  in  room  air  for  a 
period  of  approximately  1  month.  No  ex  situ  surface 
treatments  were  used  except  where  noted.  Instead, 
in  situ  AHC  was  performed  for  5  min  to  60  min  at 
substrate  temperatures  between  280°C  and  400°C, 
to  remove  the  native  oxide  and  other  contaminants. 
Following  AHC,  samples  were  transferred  under 
ultrahigh  vacuum  (UHV)  to  the  MBE  ochamber 
and  heated  to  400°C.  Then,  a  235  A  p-type 
Ino.27Gao.73Sb  layer  was  regrown  with  a  target 
dopant  density  of  ~3  x  1019  cm-3.  The  surface 
morphology  of  the  InGaSb  films  was  examined 
ex  situ  with  tapping-mode  atomic  force  microscopy 
(AFM).12  Electronic  transport  measurements  were 
implemented  in  the  van  der  Pauw  geometry  using 
5  mm  x  5  mm  pieces  and  In  solder  contacts.  Hall 
measurements  were  performed  at  magnetic  fields  of 
0.37  T,  0.55  T,  and  1.0  T,  for  two  or  more  currents 
at  each  B  field. 

MEASUREMENT,  RESULTS,  AND  ANALYSIS 

Figure  1  illustrates  the  desired  p-FET  structure 
including  regrowth  of  p+  InGaSb  for  the  source  and 
drain  contacts.  In  this  section,  we  investigate  the 
simpler  case  of  p+  InGaSb  regrowth  directly  on  the 
AlGaSb  buffer,  with  no  FET  structure  involved. 
Figure  2  shows  representative  10  /im  x  10  p m  AFM 
images  of  InGaSb  regrown  on  AlGaSb  following 
(a)  5  min  AHC  at  370°C,  and  (b)  ex  situ  HC1  dip  and 
30  min  AHC  at  300°C.  For  regrowth  on  AlGaSb 
which  was  not  treated  with  HC1,  a  diffuse  RHEED 
pattern  was  observed  throughout  the  InGaSb 
growth,  indicating  that  AHC  was  not  sufficient  to 
remove  the  aluminum- containing  oxide.  Qualitative 
analysis  of  multiple  AFM  images  reveals  multilayer 
growth  for  all  InGaSb  regrowths  on  AlGaSb,  with 
an  rms  roughness  of  (a)  10  nm  with  no  ex  situ 
surface  treatments  and  (b)  20  nm  with  HC1  dip  to 
remove  oxide  before  AHC.  For  InGaSb  regrown  on 
AlGaSb,  the  resistivity  was  too  high  (>  106  Q/D)  to 
determine  the  Hall  mobilities  accurately. 

In  order  to  avoid  regrowth  directly  on  AlGaSb,  an 
additional  layer  must  be  inserted  after  the  AlGaSb 
buffer.  The  material  for  this  layer  must  have  a  lat¬ 
tice  parameter  relatively  close  to  that  of  AlGaSb, 
without  containing  Al.  Thus,  the  potential  binary 
materials  for  such  a  layer  are  limited  to  InAs  or 
GaSb.  We  have  successfully  regrown  smooth 
InGaSb  layers  on  GaSb,  but  regrowth  on  a  thin 
GaSb  layer  is  not  applicable  to  the  p-FET  structure 
shown  in  Fig.  1,  since  it  is  not  a  suitable  etch-stop 
layer.  Instead,  InAs  was  chosen,  since  a  thin  layer 
can  be  inserted  between  the  AlGaSb  buffer  layer  and 
InGaSb  channel  shown  in  Fig.  1,  enabling  a  selec- 
tiveoetch  of  the  Sb-based  layers  above.  Furthermore, 
25  A  InAs  can  be  inserted  as  an  etch-stop  layer 
without  creating  a  parallel  conduction  channel.13 
Therefore,  we  investigated  p+  InGaSb  regrowth  on 
AlGaSb  capped  with  25  A  InAs,  for  a  variety  of  AHC 
temperatures  and  cleaning  durations. 
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Fig.  2.  Representative  10  x  10  fim  AFM  images  of  p+  InGaSb  regrowth  directly  on  AIGaSb,  following  (a)  5  min  atomic  hydrogen  cleaning  at 
370°C,  and  (b)  HOI  dip  plus  30  min  atomic  hydrogen  cleaning  at  300°C.  The  gray-scale  range  displayed  is  100  nm  for  both  images. 


Fig.  3.  Representative  10  /im  x  10  /im  AFM  images  of  (a)  as-grown  InAs  on  AIGaSb,  and  p+  InGaSb  regrowth  on  InAs  following  5  min  of  atomic 
hydrogen  cleaning  at  (b)  350°C,  and  (c)  400°C.  The  gray-scale  range  displayed  is  10  nm  for  all  images. 


For  InGaSb  regrowth  on  InAs,  AHC  was  per¬ 
formed  between  280°C  and  400°C,  for  5  min  to 
60  min.  Immediately  following  hydrogen  cleaning, 
the  sample  was  transferred  under  UHV  to  the  MBE 
chamber  and  examined  with  RHEED.  For  the 
majority  of  samples,  RHEED  revealed  a  streaky 
(2  x  4)  surface  reconstruction  for  InAs  after  AHC, 
in  contrast  to  the  diffuse  RHEED  pattern  observed 
from  the  oxide-covered  InAs  before  AHC.  However, 
for  AHC  performed  at  400°C  or  for  60  min  at  350°C 
to  370°C,  RHEED  revealed  a  spotty  (1  x  1)  pattern, 
suggesting  that  the  surface  may  be  heavily  dam¬ 
aged  during  hydrogen  cleaning  at  high  tempera¬ 
tures  and/or  long  exposure  times. 

Figure  3  shows  representative  10  pm  x  10  pm 
AFM  images  of  InGaSb  regrown  on  InAs  following 
5  min  AHC  at  350°C  (Fig.  3b)  and  400°C  (Fig.  3c). 
For  comparison,  the  surface  morphology  of  InAs  is 
shown  in  Fig.  3a,  before  InGaSb  regrowth.  For  In¬ 
GaSb  regrowth  on  InAs  cleaned  between  280°C  and 
370°C,  including  Fig.  3b,  we  observe  an  AFM  rms 
roughness  of  1.6  nm  with  a  peak-to- valley  height  of 
12  nm,  both  similar  to  the  InAs  etch-stop  layer  in 


Fig.  3a  before  the  InGaSb  was  grown.  Finally,  at  the 
highest  AHC  temperature  of  400°C,  AFM  reveals  a 
significantly  increased  rms  roughness  of  2.1  nm 
with  a  peak-to-valley  height  of  31  nm,  as  shown  in 
Fig.  3c.  Thus,  for  AHC  temperatures  between 
280°C  and  370°C  and  exposure  durations  <30  min, 
InGaSb  regrowth  on  25  A  InAs  produces  layer-by- 
layer  growth,  resulting  in  smooth  surface  morphol¬ 
ogies.  This  is  a  very  wide  range  of  AHC  conditions 
which  result  in  high-quality  films,  with  surface 
roughness  limited  only  by  the  roughness  inherited 
from  the  AIGaSb  buffer  layer.14 

Improving  the  p-FET  source  and  drain  contact 
resistances  is  ultimately  the  goal  for  InGaSb 
regrowth  in  this  work.  Therefore,  we  have  also 
investigated  the  electronic  transport  properties  of 
the  Be-doped  InGaSb  films.  Table  I  presents  a 
comparison  of  the  electronic  properties,  including 
hole  mobility,  concentration,  and  resistivity,  and  the 
surface  morphologies  for  InGaSb  regrowth.  In 
addition,  Fig.  4  shows  a  comparison  of  the  Hall 
resistivity  and  the  surface  roughness  for  InGaSb 
regrowth  following  AHC  between  280°C  and  400°C, 


Molecular  Beam  Epitaxial  Regrowth  of  Antimonide-Based  Semiconductors 


9 


Table  I.  Comparison  of  the  surface  roughness,  rms,  and  maximum  peak-to-valley  distance,  P-V,  determined 
from  10  /n n  x  10  /im  AFM  images,  and  the  hole  mobility,  /i,  hole  concentration,  p,  and  sheet  resistance,  RSH, 
determined  from  Hall  measurements,  for  as-grown  InAs,  InGaSb  grown  on  InAs  without  being  removed  from 
vacuum,  and  InGaSb  regrowth  on  InAs  following  AHC  at  various  temperatures  and  exposure  times 


Sample 

rms  (nm) 

P-V  (nm) 

/i  (cm2/Vs) 

p  (1019  cm-3) 

Rsh  (D/D) 

As-grown  InAs 

1.57 

12 

_ 

— 

_ 

InGaSb  w/o  regrowth 

1.68 

14 

77 

3.3 

1070 

280°C,  5  min 

1.61 

14 

110 

2.8 

870 

320°C,  5  min 

1.63 

13 

107 

2.7 

920 

350°C,  5  min 

1.61 

12 

109 

2.6 

960 

350°C,  60  min 

1.63 

14 

79 

3.0 

1150 

370°C,  5  min 

1.63 

12 

113 

2.3 

1050 

370°C,  30  min 

1.71 

12 

115 

2.6 

910 

370°C,  60  min 

1.81 

17 

94 

2.3 

1260 

400°C,  5  min 

2.09 

31 

82 

2.2 

1500 

AHC  temperature  (°C) 

Fig.  4.  (Color  online).  Hall  resistivity  in  Q/D  (red  circles)  and  AFM 
rms  roughness  in  nm  ( blue  triangles),  for  p+  InGaSb  regrowth  on 
InAs  following  5  min  AHC  at  various  substrate  temperatures.  The 
dashed  line  indicates  the  AFM  rms  roughness  for  as-grown  InAs 
before  AHC  or  InGaSb  regrowth. 


as  well  as  for  as-grown  InAs.  Again,  we  observe 
degradation  of  the  electronic  properties  for  AHC  at 
400°C,  as  well  as  for  durations  of  60  min.  However, 
for  regrowth  following  5  min  of  AHC  between  280°C 
and  370°C,  the  Hall  resistivity  is  actually  lower 
than  for  InGaSb  grown  on  InAs  without  being 
removed  from  vacuum,  and  the  hole  mobilities 
approach  the  highest  reported  to  date  for  p+  III-V 
semiconductors.  Thus,  we  have  successfully  fab¬ 
ricated  high-quality  p+  InGaSb  regrowth  layers,  by 
inserting  a  thin  InAs  etch-stop  layer  after  the 
AlGaSb.  This  method  has  great  potential  to  lower 
the  contact  and  access  resistances  for  InGaSb- 
channel  p-FETs,  and  is  expected  to  be  applicable  for 
other  antimonide-based  semiconductor  materials. 

CONCLUSIONS 

We  have  investigated  regrowth  of  p+  InGaSb 
films  on  AlGaSb  and  InAs  following  atomic  hydro¬ 
gen  cleaning  surface  treatments.  For  regrowth  on 
AlGaSb,  issues  resulting  from  residual  Al-containing 
oxides  and/or  contaminants  lead  to  multilayer 


InGaSb  growth  with  very  rough  surface  morphology 
and  very  high  resistivity.  However,  the  insertion  of  a 
thin,  25  A  InAs  layer  after  the  AlGaSb  buffer  layer 
results  in  significant  improvements.  Surface  mor¬ 
phologies  for  InGaSb  regrown  on  InAs  following  AHC 
exhibited  similar  AFM  rms  roughness  to  the  as- 
grown  InAs,  which  in  turn  was  similar  in  roughness 
to  the  AlGaSb  buffer  below  it.  In  addition,  resistivi¬ 
ties  for  InGaSb  regrown  on  InAs  were  the  same  as,  or 
better  than,  InGaSb  grown  on  InAs  without  being 
removed  from  vacuum.  A  wide  range  of  AHC  condi¬ 
tions  led  to  smooth  InGaSb  films  with  low  resistivity, 
including  substrate  temperatures  between  280°C 
and  370°C  and  exposure  durations  between  5  min 
and  30  min. 
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